An experimental investigation is performed on the operation of dielectric barrier discharge plasma actuators used as manipulators of secondary and unsteady flow structures such as boundary layer instabilities or shedding vortices. The actuators are tested mainly in pulse mode. High sample rate hot-wire measurements of the induced velocity field downstream of the actuator are taken for the cases of pulse actuation in still air as well as in a laminar boundary layer. Complementary voltage and current measurements are taken to calculate power consumption. Additionally, a study on the influence of the pulse frequency and duty cycle of actuation is performed. Results show the effectiveness of plasma actuators in inducing fluctuating components of velocity when operated in pulse mode. Spectral analysis reveals the connection between the actuator driving signal and the induced flowfield. The magnitude as well as the consistency of the resulting fluctuating field are dependent on both the duty cycle and the pulse frequency. An empirical operational envelope based on phenomenological observations is proposed, for the use of the actuators at specific flow and operational conditions given in the paper.
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I. INTRODUCTION
Plasma actuators have been in the interest of the flow control community for the last ten years. [1] [2] [3] [4] [5] Their simple construction, robustness, and low power requirements render them ideal for active flow control in a variety of scenarios. Numerous studies have been performed in utilizing these actuators, among others, for airfoil separation control 6, 7 and boundary layer control. [8] [9] [10] Several parametric and optimization studies have been performed for maximizing the produced body force and induced velocity. [11] [12] [13] [14] [15] [16] More recently the use of advanced techniques such as nanopulse discharges 17, 18 and three-electrode designs 19 have been proposed. The general consensus of these studies is that although the actuators have the potential for efficient flow control at low velocity regimes, their effectiveness decreases with increased Reynolds number. This is based on the limited momentum input the actuator can provide to the flow. Limitations arise from several factors such as dielectric strength and thickness of the dielectric layer, breakdown voltage of air and geometric configuration of the actuator. Typical maximum induced velocities do not exceed the threshold of 10 m/s for the conventional dielectric barrier discharge ͑DBD͒ actuators. In order to efficiently control natural flows with such a small momentum input, one must turn to the secondary structures or instabilities of the global flow dynamics. One typical example of low power flow control is the delay of laminar-turbulent transition by means of TollmienSchlichting ͑TS͒ wave cancellation. This technique aims at tackling the instability waves while still at linear amplification stage. At this stage the waves have little energy content with typical amplitudes of 0.01% of the freastream velocity. 20 By controlling these instabilities at the initial lowenergy stages, the evolution of the global hydrodynamic chain can be changed with minimum actuation energy. Similar technique has already been investigated with the use of vibrating membranes as actuators. 21 In recent studies 22, 23 artificially introduced TS waves were successfully cancelled using plasma actuators. These structures are typically unsteady and as such require unsteady actuation for optimal control. Investigations on manipulating other unsteady structures such as shedding vortices using the actuator in pulse mode have been performed. 24, 25 Although the pulse mode has been verified to be equally or in some cases more effective than continuous operation, 18, 24 plasma actuators under pulse operation and the resulting flowfield have yet to receive detailed investigation as a stand alone phenomenon. A limited number of studies [26] [27] [28] have been published on the subject. The aim of this paper is to further investigate the behavior of the plasma actuator and the response of the surrounding flow under pulse operation. More specifically, this will be done both for the case of still air as well as for the case of the actuator operating in a laminar boundary layer. Furthermore we aim at identifying the sensitivity and behavior of the induced flow, under the variation in the pulse frequency and duty cycle of actuation. This will provide an insight on the potential and limitations of these devices for applications that involve low power flow control based on manipulation of instabilities or other secondary flow structures. made out of self-adhesive copper tape separated by a dielectric layer ͑Fig. 1͒. The thickness of both electrodes is 60 m and the width is 10 mm. Their effective spanwise length ͑along which plasma is generated͒ is 200 mm. The electrodes are separated by two Kapton tape layers. The thickness of each layer is 2 mil ͑50.8 m͒. The total thickness of the dielectric ͑including adhesive͒ is approximately 110 m.
II. EXPERIMENTAL SETUP

A. The actuator
The electrodes and dielectric are supported by a 10 mm thick, 200ϫ 100 mm 2 rectangular polyoxymethylene plate carrying two aluminum connectors. The connector of the upper electrode is connected to the high voltage ͑HV͒ output cable of a TREK 20/20C HV amplifier ͑Ϯ20 kV, Ϯ20 mA͒ while the connector of the lower electrode is grounded. The actuator operation is controlled remotely via a computer workstation were the driving signal is created by LABVIEW software and is sent to the amplifier via a digital/analog converter. The amplifier provides direct readings of the output voltage while the output current is measured using the voltage across a resistance ͑100 ⍀͒ placed between the lower electrode and the grounding cable.
B. Measurements setup
The measurements are conducted in the test section of the boundary layer tunnel ͑BLT͒ at the TU Delft. This windtunnel is of the closed type with a test section of 1.5ϫ 0.3 ϫ 5 m 3 . The tunnel incorporates a flexible wall which allows the creation of a large variety of pressure gradients. The boundary layer is formed on the opposite smooth plate. A knife edge protruding slightly into the flow ensures that the incoming turbulent boundary layer, formed in the contraction ratio, is bled out and a clean laminar boundary layer is initiated at the leading edge. The velocity range of the tunnel ranges from 1 to 40 m/s while freestream turbulence intensity is lower than 0.09%.
For the flow diagnostics the use of hot wire anemometry ͑HWA͒ is selected. HWA has been used in previous studies involving plasma actuators 10, 29 and has been found best suited for a parametric study as it combines sufficient accuracy, high sampling rate and relative ease of use. For this study a constant temperature anemometer ͑TSI Inc. Model IFA300͒ is used with a single cylindrical hot film sensor model 1201-20. The sensor has been calibrated using a TSI 1127 calibrator configured for a range of velocities between 0 and 12 m/s. During the measurements, temperature readings in the proximity of the sensor are taken for velocity correction. Typical ⌬T for a single measurement sequence is in the order of 0.5°C for quiescent flow. No measurable difference has been found in the case of boundary layer flow. The hot-wire probe is traversed using a manual threecomponent traversing system with a 0.1 mm accuracy in each direction.
Based on an initial two-dimensionality study, the flow has been identified as uniform and constant along approximately 80% of the span of the electrodes. Some edge effects are present due to the assymetry near the ends of the actuator which have negligible influence to the center part flowfield. Based on this, any velocity component in the spanwise direction is considered negligible and the probe is placed in order to measure total velocity, U. Based on results from a previous particle image velocimetry ͑PIV͒ study, 30 the vertical velocity component v is considered negligible in the downstream region compared to the horizontal component u. Nevertheless, all measurements will be presented in the form of total velocity. All measurements are taken at the half-span of the actuator. For all distance references in this paper the coordinate system presented in Fig. 1 is used. The origin of the axes is located at the downstream edge of the exposed electrode. To sufficiently resolve the temporal evolution of the flow and increase the accuracy of the spectral analysis, a sampling rate of 50 kHz is chosen with varying sampling time, depending on the distance of the hot-wire probe from the actuator.
Three x positions are selected at 7, 12, and 17 mm downstream the actuator. At these positions measurements are taken at selected y positions near the wall. Additionally, for the case of the laminar boundary layer, two more downstream positions at 43 and 93 mm are measured in order to track any convecting structure that might be initiated from the operation of the actuator.
For the entire study the high-voltage signal is kept fixed at V pp = 10 kV with a carrier frequency ͑f ac ͒ of 2 kHz. The operation of the actuator in pulse mode is essential for the manipulation of unsteady flow structures. As such the actuation period can be separated into the "on" and "off" stage. The pulse frequency ͑f p ͒ is defined as the number of times the actuator switches on and off while the duty cycle ͑D͒ is the percentage of the time period the actuator is on over one full actuation period ͓Eq. ͑1͔͒. A schematic of a typical actuation signal is shown in Fig.  2 . To investigate the sensitivity of the induced flow to pulse frequency and duty cycle, a test grid is devised. This involves the measurement of the induced velocity for all possible combinations of a series of D and f p 's. An overview of all parameters involved in the measurement is given in Table I .
C. High frequency interference
In this study, the first measurement point is placed at 7 mm from the actuator. In such close proximity, the hot-wire readings present a strong fluctuating component at the carrier frequency f ac of the actuation signal, which in this case is 2 kHz. It is known from other investigations 26 that in the plasma formation area velocity fluctuations appear, corresponding to the carrier frequency. These are due to the physical interaction between charged and neutral particles. It is thus important to establish that the fluctuations in our signal are due to EM noise and not due to physical effects such as the plasma-flow interaction. To this goal high-speed ͑10 kHz͒ PIV data from a previous experimental campaign are used. 30 As can be seen from Fig. 3 the high frequency fluctuations appear very near the inner electrode edge ͑plasma formation area͒ but damp out and eventually disappear prior to the first hot-wire measurement point ͑at x = 7 mm͒. Based on these observations the high frequency fluctuations which remain in the velocity signal will be considered as EM noise and filtered out using a low pass filter.
III. RESULTS
A. Quiescent flow
The first case in the investigation involves the pulse operation of the actuator in quiescent flow. This case, although far from any practical application, provides an overview of the true control authority of the actuator over the fluid. By ensuring a quiescent ambient flow environment, the only momentum input is provided by the actuator. Figures 4 and 5 show the time evolution of the velocity at x = 7 mm and y = 0.75 mm for pulse frequencies f p = 50 Hz and 200 Hz, respectively. The velocity measurement is started prior to the actuation and continues for several seconds after actuation. The initiation of each pulse is denoted in these and all subsequent figures with the vertical dashed line and their respective number. The EM noise in the velocity signal is removed with a fourth order low pass Butterworth filter with cutoff frequency of 1 kHz.
The resulting flow accelerates from the initial still conditions to a quasisteady state where it fluctuates around a mean value, seemingly at the frequency of the actuation. It is evident that the response of the flow under the actuation is relatively fast with the quasisteady state already reached after the first few actuation cycles. The flow appears to be self limiting in its maximum velocity where a balance between the actuator produced body force and hydrodynamic forces is reached. As soon as the pulse is finished and the actuator is off the flow starts decelerating. If no other forcing is applied the flow reaches zero with typical relaxation time of 20-30 ms.
Looking at the first actuation cycles into more detail, an accumulative effect on the overall velocity is observed. This differs between cases of different duty cycles. For lower duty cycles it appears that the momentum transfer between the ionized gas and the neutral air during one actuation cycle is not enough to bring the flow to the maximum velocity. Nevertheless, inertial forces keep the flow from decelerating to zero before the next actuation thus creating the accumulation of velocity. This apparent role of the relaxation time of the flow after each pulse seems to define the overall appearance of the fluctuating field. This also implies that for different external flow ͑such as a boundary layer͒ the fluctuations will differ since the relaxation time will also change. Another aspect of the flow evolution is the difference between the accelerating part of the flow ͑the actuator is on͒ and the decelerating part ͑the actuator is off͒. More easily observed at low pulse frequencies ͑Fig. 4͒, the acceleration appears to be almost constant while the deceleration is of higher order. The difference can be attributed to the different mechanisms acting during the on and off periods. Acceleration is due to the body-force exerted on the fluid by the operation of the actuator while deceleration is more conventionally pressure driven. The way the flow accelerates during the actuation could be changed by employing a different waveform for the pulse, such as a sine modulation or a trapezoidal wave.
Duty cycle and pulse frequency appear to have a strong influence on the quasisteady state of the flow. As can be seen from Fig. 6 for higher duty cycles the mean flow increases and even surpasses the continuous actuation in some cases. Pulse frequency seems to have less influence on the mean velocity, as is expected since the provided power does not change with f p . Nevertheless, differences still appear which indicate that mechanisms directly related to the flow such as hydrodynamic instabilities and resonance are in action and potentially can be used for flow control. For the quiescent flow an optimum appears near f p = 200 Hz.
The rms fluctuation of the flow is also a function of pulse frequency and duty cycle as shown in Fig. 7 . For higher f p the fluctuations become weaker since the pulses become shorter in duration and repeat more often thus approaching the continuous operation. It can be noted that for continuous operation the induced velocity appears not to be laminar with considerable fluctuations present. The origin of these fluctuations is currently unknown since they do not correlate with any characteristic time scale of the actuation signal. It is interesting to note that for the cases of f p = 200 Hz and 400 Hz the fluctuations of the flow are of the same order and their trend of increase with D collapses on the continuous operation point. This inability of the actuator to produce large fluctuations on the flow for high pulse frequencies is significant especially for concepts that involve manipulation of fast developing structures such as shedding vortices or high Reynolds number unstable TS waves. Nevertheless, since the action of the actuator is directional, it is expected that the capability to introduce large fluctuations at high frequency can be larger in the case of an external flow moving in the direction of the induced jet. A test case with the actuator operating in a laminar boundary layer will be investigated to this cause. The maximum error for the calculated statistical values is 0.053% with a 99% confidence level.
The power consumption of the actuator is shown in Fig.  8 . A power law seems to govern the relation between power and duty cycle giving more ground to the utilization of the actuator in pulsed operation rather than in continuous mode. For instance at f p = 200 Hz and D = 75% the mean velocity is higher than the continuous actuation while power consumption is 40% less. Since the actuators are mainly focused on manipulating instabilities and unsteady structures of the flow a look in the spectral content of the induced flow is necessary. This will provide an insight into the correlation between the provided input signal, which in this case is the HV, with the produced velocity field. Power spectral densities of the voltage signal and the induced flow field are shown in Fig. 9 for different pulse frequencies. These are calculated using Welch's method 31 using eight segments over the entire signal with 50% overlap. The number of points taken for the fast Fourier transform ͑FFT͒ is 2 16 . The power spectral density ͑PSD͒ is presented here for the unfiltered signals. To be noted here that the average power in the signal is the integral of the PSD over a given frequency band. The peaks in this spectra do not reflect the power at a given frequency.
The voltage signal content is inherently rich in harmonics of the pulse frequency. Of interest is the lack of the even frequency harmonics of the pulse frequency. For example, in the f p = 100 Hz case the harmonics of 200, 400, 600 Hz and so on are missing. This is expected as the duty cycle is fixed at 50% and will be shown to change for different duty cycles. The carrier frequency ͑2 kHz͒ is also apparent with an almost continuous subspectrum on its sides.
The velocity signal shows strong components at the main pulse frequency and its first few harmonics. A peak at the carrier frequency with a sideband subspectrum indicates the EM noise previously mentioned. At position x = 7 mm the average power of the signal is calculated using a rectangle approximation of the integral of the PSD. 97.9%, 97.6%, and 76.9% of the average signal power is contained in the first three harmonics for the cases of f p = 25 Hz, 100 Hz, and 200 Hz respectively. The pulse harmonics decrease with distance faster than the main frequency. A secondary effect can be observed here, in the existence of even harmonics in the velocity signal that are absent in the voltage signal. These harmonics appear to decrease in power with distance, at a larger rate than the odd harmonics.
The spectral densities of the voltage and velocity signals are shown in Fig. 10 for different duty cycles. Similarly to the previous case, specific harmonics are absent from the input signal depending on the duty cycle for a fixed pulse frequency of 50 Hz. For the case of 50% all the even harmonics are absent while for the cases of 25% and 75% every fourth harmonic ͑f 4n ͒ is absent. Similar to the pulse frequency variation, the velocity spectra correspond to the input signal. It is verified that the harmonics that have no counterpart in the input signal decay faster in the downstream distance.
Since the initial voltage signal is created using only two frequencies ͑f p and f ac ͒, the fact that the flow presents a larger set of harmonics could be crucial to some flow control approaches which involve unstable structures. For instance, if the actuator is operating in a laminar boundary layer at a pulse frequency which corresponds to a stable mode, the subharmonics in the induced flowfield might be well within the unstable region and eventually cause transition.
B. Laminar boundary layer
Through the introduction of steady or unsteady disturbances in the flow the actuators can manipulate, enhance or accentuate flow instabilities, unsteady vortical structures, and other secondary flow mechanisms. As such, it is essential to identify the behavior of the actuator and the resulting flow in the case of an external and already developed flow field. As an initial test case a low velocity laminar boundary layer is selected. This choice is made based on the low energy content of such a flow which would in turn increase the experimental observability of any effect the actuator might have. A typical scenario for such base flow would be the active cancellation of TS waves. Since the convecting instabilities which in the case of unswept wings are TS waves have the form of a multi frequency wave train, the actuator is required to operate in pulse or burst mode. The BLT is used to create a laminar boundary layer in which the actuator is operating in pulse mode. The freestream velocity is intentionally kept low at 4.6 m/s in order to avoid boundary layer instabilities to grow to levels that would interfere with the induced velocity components of the actuator. The boundary layer velocity profile is presented in Fig. 11 . The boundary layer is naturally growing downstream although for the first three x positions the growth is minimal.
For the pulse operation the same combination of duty cycles and pulse frequencies as with the quiescent flow is tested. Two additional x positions are measured at 47 and 97 mm downstream the actuator. All measurements are taken at 0.75 mm from the wall which approximately corresponds to 0.25␦ ‫ء‬ of the boundary layer at x = 7 mm. Prior to the pulse operation a test case of continuous actuation is performed in order to establish a reference flowfield. This is shown in Fig. 12 . It is apparent that the flow accelerates downstream the actuator but does not remain laminar. Strong fluctuations exist especially in the vicinity of the actuator. These damp downstream but remain considerably larger than the fluctuations of the unperturbed flow. The frequency content of these fluctuation seems not to be related with the actuation specific carrier frequency.
The velocity measurements for pulse frequencies of 25 and 200 Hz and different duty cycles are presented in Figs. 13 and 14, respectively. A similar to the quiescent flow case behavior can be observed. In the vicinity of the actuator velocity consists of a mean component which is considerably larger than the unperturbed boundary layer velocity and strong fluctuating components. The velocity fluctuations correspond to the actuator pulses and appear at the specific pulse frequency. The mean velocity and rms value of the fluctuations are shown in Figs. 15 and 16 respectively. Of interest is the insensitivity of the mean flow to changes in pulse frequency. This differs from the respective case in quiescent flow and can be attributed to the shorter relaxation time of the flow. This suggests that the mean velocity increase from the operation of the actuator is purely a function of the energy input the later is capable, for this specific test case. In contrast, the intensity of fluctuations seems to depend on both the pulse frequency and the duty cycle. Again the relatively short relaxation time of the flow appears to govern this behavior where long and low frequency pulses give the largest fluctuations while short and high frequency pulses appear to collapse on the continuous actuation point. The maximum error for the calculated statistical values here is 0.037% with a 99% confidence level. To be noted here that for the investigated cases, the power consumption of the actuator is found to be independent of the external flow.
The intensity of the velocity fluctuations appears to be dependent on the duty cycle with the same energy accumulation mechanism as in the quiescent flow seemingly govern- ing the operation. More specifically the full development of the field to its quasisteady state is achieved after some actuation cycles especially for low duty cycles and high pulse frequency. Nevertheless, comparing with the respective case in quiescent flow, as shown in Fig. 5 , maximum velocity is achieved in a much shorter time from the start of the actuation. An effect that can additionally be observed is the fact that larger fluctuations appear for higher pulse frequencies than in quiescent flow. In several flow control scenarios the operation of more than one actuators is proposed in order to extent their control authority in streamwise distance. It is thus useful to track the downstream development of the induced fluctuations from the operation of the actuator. In this manner the effective downstream region for a single actuator can be defined. A track of the evolution of the fluctuating field can be seen in Fig. 17 for pulse frequency of 50 Hz and duty cycle of 50%. Similar behavior is observed for the rest of the tested pulse frequencies. The effect of the actuator is local as strong fluctuations appear only at the first three measurement positions or within 10 mm from the actuator. Further downstream, at 47 mm, the mean velocity acceleration is evident but the fluctuating components have almost disappeared. At 97 mm only a very weak increase in velocity is registered. In the case of the laminar boundary layer the distance in which the forcing of the actuator can be perceived is highly dependent on the freestream conditions and the hydrodynamic stability of the flow. In this case, it is obvious that 50 Hz corresponds to a stable mode at this Reynolds number. This can also be verified by linear stability theory. Nevertheless it seems that independent of forcing frequency the actuator can introduce strong fluctuations at least in the first 10 mm downstream.
As already mentioned, many flow control applications rely on the manipulation of inherent instabilities of the flow to efficiently achieve the desired control. In this aspect it is highly desirable to be able to control any potential actuator in an accurate manner, introducing forcing components that are necessary and avoiding any unwanted artifacts that might be additionally introduced. Based on this, some comments can be made on the pulse operation of the actuator. It is clear from the continuous operation of the actuator Fig. 12 that the induced flowfield is unsteady with the velocity signal being almost stochastic in time. This behavior can also be observed in pulse operation for low pulse frequencies and high duty cycles. For instance at f p = 25 Hz and D = 75% ͑Fig. 13͒ the flow accelerates after each pulse begins until it reaches its self limiting maximum velocity. This is reached before the 
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end of the pulse and for the remaining duration of the pulse the flow essentially behaves as in the continuous operation. This could potentially be unwanted since the stochastic velocity signal might trigger instabilities in the flow in a random and uncontrolled fashion. It is thus important to limit the duration of the pulse to the point where a "clean" forcing is imposed on the flow. Furthermore, reduction in the duty cycle could contribute positively in the reduction in power.
One additional feature which is important in efficient flow control is the actual intensity of the fluctuating components. Especially for high pulse frequencies and low duty cycles such as the case of f p = 200 Hz and D = 10% ͑Fig. 14͒ the momentum input from the actuator is too little and the relaxation of the flow is too slow to respond to the actuation. This results in a flowfield which resembles the continuous operation case albeit with a lower mean velocity since the input energy is limited. For these cases the ability of the actuator to impose unsteady forcing on the flow is severely limited.
Based on the previous two phenomenological observations an empirical model for the operating envelope of the actuator can be formulated ͑Fig. 18͒. This is far from strict values and rather a 'rule of thumb' for the useful range of the actuator operating pulse frequency and duty cycle. To be noted that these values apply only for the applied voltage ͑10 kV͒ and carrier frequency ͑2 kHz͒ of this test case and have to be redefined if these parameters are to be varied.
IV. CONCLUSIONS
An experimental study has been conducted on the operation of the plasma actuator in pulse mode. The actuator used was a conventional DBD incorporating copper electrodes and Kapton dielectric. The high voltage and carrier frequency were kept fixed at V pp = 10 kV and f ac = 2 kHz respectively. Total velocity was measured for the cases of quiescent flow and laminar boundary layer. Several combinations of pulse frequency and duty cycles were tested in order to evaluate the sensitivity and form of the resulting flowfield.
From the tests it became apparent that the plasma actuator is capable in introducing mean and fluctuating components of velocity to the surrounding air when operated in pulse mode. In most cases a quasisteady situation is reached after a few cycles of actuation. For the quiescent flow a strong dependence connecting pulse frequency and duty cycle with mean velocity and fluctuation intensity has been found. An upper limit in pulse frequency and a lower limit in duty cycle seem to define the useful operating range of the actuator. The respective tests in the laminar boundary layer reveal the importance of the outer flow and especially the relaxation time in the final form of the fluctuating field. Differences between the two cases suggest that results from tests in quiescent flow might not be suitable for correct prediction of the actuator performance in other flows.
An additional spectral analysis has been performed on the velocity signal from the test in quiescent flow. As shown the induced velocity field presents a slightly different spectral content than the forcing signal. This is important in applications dealing with hydrodynamic stability where the exact spectral content of the forcing must be precisely controlled.
For the laminar boundary layer cases the measured velocities present distinct differences from the respective quiescent flow cases. Due to the existing energy content of the boundary layer as well as the directional forcing of the actuator the control authority over the flow is increased. This is especially important when high frequency actuation is required. Nevertheless, due to the same reasons some unwanted effects are also identified. For large duty cycles and low pulse frequencies a similar to the continuous actuation field is measured for part of the actuation pulse. This consists of random and uncorellated velocity fluctuations which potentially could degrade the performance of the actuator. One more important aspect is the lower limit in duty cycle which was previously identified in the quiescent case. Depending on the pulse frequency the actuators seems to lack the necessary power to induced strong and coherent fluctuations when operating below a certain value of duty cycle. This is particularly pronounced in high pulse frequencies. Based on these observations an empirical operational envelope is proposed for the implementation of the actuator in pulse mode flow control techniques. The envelope is specific to the operating parameters and external flow for the test case under 
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investigation but similar approach in deriving "situation specific" envelopes could be followed for any other case.
